Introduction
Air pollution represents the biggest environmental risk. Ambient air pollution affects practically all countries in the world and all parts of society which have been identified as a global health priority in the sustainable development agenda. As a result, data on air quality is becoming increasingly available and the science underlying the related health impacts is also evolving rapidly. [1] [2] [3] [4] To date, according to World Health Organization's (WHO) latest report, 91% of the world's population live in places where air quality exceeds WHO guideline limits; there are 4.2 million deaths every year as a result of exposure to ambient (outdoor) air pollution and 3.8 million deaths every year as a result of household exposure to smoke from dirty cookstoves and fuels (http:// www.who.int/airpollution/en/). [5] Globally, about 87% of these deaths occur in low-and middle-income countries, accounting for 82% of the world's population. [6] The data on air quality and the related health impacts caused by air contamination as well as the real photo of the haze are presented in Figure 1 . Air pollution, both ambient (outdoor) and household (indoor) is the biggest environmental risk to health, carrying responsibility for about one in every nine deaths annually. [1, 7] As a public health emergency, environmental issues caused by air pollution continue to deteriorate at an alarming rate and affect economies and people's
Green Electrospun Nanofibers
Interventions and policies for tackling air pollution issues exist and have been proven to be effective. Membrane materials of nanofibrous morphology are attractive for air filtration, and further alleviate the environmental issues. Electrospinning as a simple and versatile way to fabricate ultrafine fibers has been attracting tremendous attention. Herein, the recent researches and future trends of green electrospinning are expounded from the aspects of green degradable materials, green solution electrospinning, and solvent-free electrospinning. The green degradable materials, including biomass materials, biosynthetic polymer materials, and chemical synthetic materials are reviewed. Following the concept of green electrospinning, electrospun polymer nanofibers via aqueous solution are discussed; additionally, further trends of solvent-free electrospinning including melt-electrospinning, anion-curing electrospinning, UV-curing electrospinning, thermo-curing electrospinning, and supercritical CO 2 -assisted electrospinning are highlighted. Furthermore, the applications of these electrospun nanofibrous membranes in the field of air filtration are discussed. In the end, the challenges of green electrospinning and future prospects are summarized. The development of green electrospinning is reviewed with an emphasis on current advanced solvent-free research, where electrospun nanofibrous membranes are contributing to promising treatment strategies to solve environment issue.
life quality which has also been identified as a global health priority in the sustainable development agenda.
Particulate matters (PMs) consist of a complex suspended mixture of solid and liquid particles of organic and inorganic substances in the air. The major components of PM are sulfates, nitrates, sodium chloride, ammonia, black carbon, mineral dust, and water. The most health-damaging particles are those with the diameters of less than 10 µm, which can penetrate directly and lodge deep inside the lungs. Both short-term and long-term exposure to air pollutants have been associated closely with health impacts. [8] PM 2.5 and PM 10 are defined of fine particulate matter with an aerodynamic equivalent diameter less than 2.5 µm and 10 µm, respectively. Small particle pollution has health impacts even at very low concentrations-indeed no threshold has been identified below which no damage to health is observed. Therefore, the WHO air quality guidelines recommend aiming for and achieving, the lowest concentrations of PM possible. The guideline values are: PM 2.5 , 10 µg m −3 annual mean and 25 µg m −3 24 h mean; PM 10 , 20 µ m −3 annual mean and 50 µg m −3 24 h mean.
Air filtration, the essential component of PM removal technology, as one of the most promising and effective methods to remove particle matter and alleviate air pollution, has been widely studied over the last three decades. The air filter membranes play an extremely important role in the filtration process which domains the filtration efficiency and filtration result. Investigations in this field have been developed during the last two decades, vigorously. Additionally, the development of filtration technology along with the filter membrane has been promoted by the emergence of new materials which exhibit excellent physical and chemical properties. Air filter membranes with multifunctions such as antibacterial, hightemperature performance, excellent mechanical properties, super-hydrophobic, and ultra-hydrophobic have been attracting increasing attention. Here, we focus on the emerging electrospun nanofibrous membranes as the high-performance air filter media. Accompanied by the development of the electrospinning method, the applications of electrospun nanofibrous membranes ushered in a flourishing development, especially in the air filtration field. More and more groups put their work in studying new functional nanofiber membranes such as reusable membrane, cleanable membrane, degradable membrane. Green nanofiber membrane as the newly developed topic which is environment-friendly and harmless to human body has been attracting increasing attention. Compared with the traditional filtration membrane, electrospun nanofibrous membranes possess unparalleled advantages such as controllable small diameter, porous structure, high surface area to volume ratio, good internal connectivity, and controllable morphology which guarantee the excellent filtering performance and controllable filtration at low cost. However, the overwhelming majority of literature reported nanofibers electrospun from organic solutions while most of the organic solutions are toxic. Most of the organic solvents are volatile and poisonous; furthermore, it is troublesome to recycle them after utilization. It is harmful to the human body when inhaling too much of their volatile gas. The usages of harmful organic solution and the evaporation during the spinning process are normally founded in electrospinning field which not only pose a potential risk to the human body and natural environment but also increase the cost and difficulty of manufacturing the device; this undoubtedly further restrained the industrialization of solution electrospinning nanofibers to a great extent. It is urgent to develop green electrospinning to the consideration of environmentfriendly and human well-being. In other words, the development of green electrospinning is the foundation for the wide application of electrospinning nanofibrous membranes.
Green Electrospinning
There are a large number of methods to fabricate nanofiber membranes, such as melt blowing, [9, 10] centrifugal spinning, [11, 12] directed electrochemical nanowire assembly, [13, 14] template method, [15] [16] [17] and so on. Among these methods, electrospinning is recognized as the most versatile, convenient, and facile process to generate ultrathin nanofibers. In the traditional electrospinning, a nanofiber is prepared by the viscoelastic fluid continuously stretched under the effect of electrostatic repulsions and solvent evaporation, as shown in Figure 2 . [18, 19] Apparently, the vast majority evaporation of electrospinning precursor, mainly organic solvent, brings an enormous restriction in the large-scale production of electrospinning. Meanwhile, most of the organic solvents used in solvent electrospinning are toxic and harmful, and the solvent accumulation from solution evaporation during electrospinning process causes serious environmental pollution which is harmful to physical health. Furthermore, the residual solvent in the fibers largely restrict many promising potential applications especially in biomedical field such as wound healing, drug release, and tissue engineering. Therefore, the conventional electrospinning should be further developed to keep in accordance with ecofriendly, green, and sustainable development strategy. However, the overwhelming majority of reports in the literature describe organic solution electrospinning where continuous nanofibers are fabricated. Only a few groups have paid attention to solventfree electrospinning, aqueous solution electrospinning, and other greener methods to fabricate green electrospun nanofibers.
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In the electrospinning history, there is no specific definition of green electrospinning. Here, we focus on highlighting green electrospinning in the following aspects such as green materials, green solution, and green electrospinning method. As the name suggests, green electrospinning is advocated since the raw materials are environment-friendly and biodegradable, the solution used for electrospinning is nontoxic and pollution-free, and the solvent-free electrospinning method is green and efficient. In this review, according to the materials, the solvent, and the electrospinning method, green electrospinning is divided into Figure 1 . a) Global map of modelled annual median concentration of PM 2.5 . b) Deaths attributable to AAP in 2012, by disease. Percentage represents percentage of total AAP burden. AAP, ambient air pollution; ALRI, acute lower respiratory disease; COPD, chronic obstructive pulmonary disease; IHD, ischaemic heart disease. Reproduced with permission. [4] Copyright 2016, WHO. c) Typical haze in Shanghai, photo was taken in 2018/1/18.
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Figure 2. a) Schematic illustration of a typical setup for electrospinning. Reproduced with permission. [18] Copyright 2004, Wiley-VCH. b) A standard camera at an exposure time of 33 ms, and c) a high-speed camera at an exposure time of 0.1 ms. Reproduced with permission. [19] According to the source of the electrospun polymers materials, these polymer materials can be divided into three different varieties, labeled as natural polymer materials, chemical synthetic polymer materials, and biosynthetic polymer materials. Obviously, natural materials are green and degradable, they are derived from nature, and finally devoted to nature. Biosynthetic polymer materials and chemical synthetic polymers, as their name suggests, are synthesized by microorganisms and chemical reaction, respectively. These natural or synthetic materials in this review are all biodegradable and environmentfriendly. Furthermore, the electrospun nanofibers fabricated by these green materials possess wide applications in industrial field since these nanofiber materials are green, sustainable, and easily recycled. Following the concept of green electrospinning, a formulation of an aqueous polymer dispersion mixed with a small amount of water-soluble polymer can be used for electrospinning, from which the use of some toxic and harmful organic solutions could be avoided so that the whole electrospinning process is pollution-free and environment-friendly and the application of these green electrospun nanofibers could be further expanded especially in the biomedical field such as tissue engineering, wound healing, and drug delivery since there is no organic solution residue in the nanofibers. However, only a small amount of polymers are water-soluble which can be electrospun into ultrathin nanofibers from their aqueous solution. Taking this into account, solvent-free electrospinning was developed vigorously, from which solution evaporation could be avoided and electrospun nanofibers could be obtained through a greener way. In this review, solvent-free electrospinning refers to the electrospinning technique where conventional organic solutions could be averted or nearly all the precursor solution could be spun into ultrathin fibers where a high utilization of precursor of more than 90% could be obtained. Solvent-free electrospinning technic has been attracting increasing attention since there is no solution evaporation and the electrospinning process is environmentally friendly and green.
In view of a large number of review articles that introduced electrospinning including the electrospinning principles, devices, types of polymers, solvents, influencing parameters, applications, etc., in this review, we will not introduce these issues in detail while mainly focusing on overviewing green electrospinning and the advantages and challenges, as well as the promising applications in air filtration field. We anticipate that based on this review, more attention could be paid on green solution electrospinning and solvent-free electrospinning and hope that the most recent scientific research and future trends highlighted here bring inspiration and guidance in the field of green electrospinning.
Green and Biodegradable Polymer Materials
With the rapid development of polymer materials, pollution of the environment and shortage of resources have become the two alarming issues in societies nowadays. Most of the synthetic polymer materials possess a better anticorrosion ability and are difficult to be decomposed in the natural environment, causing serious pollution. In the past, the main way to dispose of waste plastics was burial and incineration. However, landfill wastes lots of lands, which is unbearable in some densely populated countries. Incineration can generate large amounts of carbon dioxide and other nitrogenous, phosphorous, sulfur, and halogen compounds which always contribute to the greenhouse effect and the formation of acid rain. These two programs will have serious consequences for the natural environment. To solve the above issues, recycling waste plastics and researching environment-friendly new materials are powerful strategies. Recycling of polymer materials theoretically not only can solve the environmental pollution issue but also solve the problem of resources shortage; however, in the implementation process, it is often restricted by the nature, technology, and cost of polymer materials. Research and development of biodegradable polymer material has become an important issue, subject to worldwide attention. The utilization of green and sustainable materials conforms to the concept of green electrospinning, further contributing to environment-friendly and sustainable development. The biodegradation of biodegradable polymer materials usually refers to the degradation process where microbial activity (involving enzyme) enters in the active position of polymer and react, then the polymer molecules undergo hydrolysis process and break into small molecules, thus the polymer is broken into a stable, complete degradation polymer molecules product. According to the source of the electrospun nanofibrous material or synthetic methods, these nanofibers can be divided into three categories, namely, natural polymer materials, chemical synthetic polymer materials, and biosynthetic polymer materials; all of these polymers are biodegradable and green.
Electrospinning Natural Materials
Natural polymer materials, including polysaccharides such as cellulose, starch, and chitosan and proteinaceous materials such as wool and silk, are ideal biodegradable polymer materials and easy to be decomposed by microorganisms. In addition, most of the green electrospinning materials obtained from natural waste, such as chitin, after appropriate processing, can become important chemical raw materials.
As a natural resource of biodegradable materials, the research and application of cellulose are quite extensive. The separated cellulose, after proper physical and chemical modification, can be made into a variety of fiber films for various purposes such as filtration, biomedical applications, and protective clothing. [20] It is well known that cellulose fibers are essentially hydrophilic which means the interaction between the natural fibers and hydrophobic polymer will be poor in a composite system. The acetylation of cellulose fibers could improve the interaction with the polymer during the electrospinning process. For instance, Saptarshi et al. [21] demonstrated the control of the properties of electrospun cellulose acetate filters with different mean fiber diameters for aerosol filtration and the electrospun cellulose nanofibers process better performance compared to commercial filters. Awal and Sain [22] found that the green composite cellulose fibers could be obtained from well dispersed acetylated wood pulp and polyethylene oxide (PEO) www.advancedsciencenews.com www.mme-journal.de by electrospinning process. Additionally, Ma et al. [23] electrospun the cellulose acetate (CA) solution into nonwoven fiber mesh and the CA nanofiber mesh was heat treated and then alkali treated to improve the structural integrity and mechanical strength and obtain regenerated cellulose (RC) nanofiber mesh. Starch is one of the most important renewable resources in sustainable societies for its remarkable potential to fabricate nanofibers through electrospinning processes. [24] Kong et al. [25] successfully fabricated native high amylose starch via a modified electrospinning setup. Also, Jaiturong et al. [26] presented the fabrication of pure waxy rice starch nanofibers via electrospinning method and further revealed that the chemical structures of the material were not changed by this method. However, electrospun pure native starch materials always behaved with a relatively poor spinnability, weak mechanical properties, and low water stability. To solve the above problems and obtain enhanced properties, these starch materials are usually modified by physical, chemical, and enzymatic modifications [24] or compound with other polymer materials such as polycaprolactone (PCL), [27] polyvinyl alcohol (PVA), [28] PEO, [29] polylactic acid (PLA), [30] PLGA, [31] to gain better properties.
Chitosan, also known as deacetylated chitin, originated from the deacetylation of chitin which is widely used in the fields of industry, agriculture, medicine, environmental protection, etc. [32] As a kind of green and degradable material, chitosan is widely used as electrospinning material to fabricate electrospun nanofibrous. Long's group [33] demonstrate a new method to in situ electrospun nanostructure chitosan nanofibers into a polluted enclosed space to efficiently clean the air with a more than 95% PM 2.5 caption efficiency; furthermore, chitosan is nontoxic, biodegradable, and harmless to human health when used for PM 2.5 capture. Usually, pure chitosan is assisted by other polymers to gain a better performance such as stability and spinnability. For instance, Coopera et al. [34] report the electrospun chitosan-PCL composite nanofibrous membranes for antibacterial water filtration with the natural antibacterial property of chitosan. Apparently, the composited nanofibers are biodegradable and eco-friendly. Additionally, Desaia et al. [35] fabricated nanofibrous filter media to achieve both air and water filtration properties by electrospinning chitosan/PEO blend solutions onto a spunbonded nonwoven polypropylene substrate.
Other green materials such as silk, soy protein, zein protein are widely utilized in electrospun nanofibers. As the natural polysaccharide, alginate is commonly used in pharmaceutical preparations especially for its favorable properties, including stability, solubility, viscosity, safety, and biocompatibility, which is widely used in biomedical science and engineering particularly in wound healing, drug delivery, and tissue engineering applications. [36] For example, Lv et al. [37] demonstrated a biomimetic strategy to hybrid the natural silk biopolymers with the strong synthetic kevlar polymers to obtain improved flexible properties and filtration performance. Our previous work [38] focus on the green electrospun of soy protein isolate (SPI)/ polymide-6 (PA6)-silver nitrate system to be a multifunctional nanofibrous membrane for novel antibacterial and high-performance air filtration. Zein-based electrospun nanofibers were prepared from an 80% ethanolic solution which possessed an extraordinarily high capacity to remove RB5. [39] Green soy protein-based nanofiber membrane with a clear potential for the effective removal of Escherichia coli bacteria during air-filtration was reported by Lubasova and his coworkers. [40] In Li's work, an effective and greener way to electrospun collagen/hydroxyapatite composite fiber was proposed, from which, the type I collagen was dissolved in environmentally friendly ethanol/phosphate buffered saline solution instead of the frequently used cytotoxic organic solvents. [41] This green product not only possesses better mechanical properties but also have an excellent microstructure which provides favorable conditions in tissue engineering.
Biosynthetic Polymer Materials
The biosynthesis biodegradable polymer materials are produced by fermentation of various carbon sources, including microbial polyesters, poly amino acids, and microbial polysaccharide, thus possess excellent properties such as biodegradability, biocompatibility, and optical properties. In the last decade, the research on the biosynthesis of polymer materials with new structure has been developed rapidly. Polyhydroxyalkanoates(PHAs), poly (3-hydroxybutyrolactone) (PHB), and hydroxypropionic acid are all biodegradable polymers. PHB is a typical polyester produced by microorganisms and more than 100 microorganisms have been found to produce it up till now; 3-hydroxybutyrate (3HB) is a basic unit of high homopolymerized PHB. PHB is an ideal biodegradable material which can be completely decomposed into CO 2 and H 2 O by various bacteria in various natural environments, such as soil, seawater, river water, and swamp. Acevedoab et al. [42] successfully fabricated bio-based PHB electrospun microfibers by strain LB400 from the substrates xylose and mannitol. However, as an industrial material, PHB itself still has some drawbacks such as low thermal stability and hard brittleness. Interestingly, these properties can be improved by selecting appropriate plasticizers or blending with or compounding with other natural polymers. Blending with other polymers such as PLA can significantly improve the mechanical properties. [43] A blend of PLA/PHB nanofibers has been optimized to produce a highly efficient air filter with antimicrobial properties via electrospinning method. [44] Zhao et al. [45] obtained a designed thermal and mechanical properties by precisely controlling the composition of the fluoroapatite (FAP) and poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (PHB) (FAP/ PHB) composition films. Some of the biodegradable polymers are summarized in Table 1 .
Chemical Synthesis of Polymers
Biodegradable macromolecule materials with the similar structure to natural macromolecules can be synthesized by chemical methods, mainly including copolymers of aliphatic polyesters, fatty acid polyesters, aromatic polyesters, polyamides, polyethers, and polyurethanes, etc. As chemical synthesis biodegradable polymers, PLA, PCL, polyethylene glycol (PEG), etc. process good properties such as biocompatibility, biodegradability, and nontoxic. Biodegradable PLA polymers with outstanding performances such as high mechanical strength, excellent biocompatibility, and biodegradability is widely used www.advancedsciencenews.com www.mme-journal.de in medicine, pharmacy, agriculture, and other fields instead of traditional materials. As shown in Figure 3a ,b, Xia et al. [46] successfully formed the beaded porous fibers and highly porous uniform fibers via electrospinning which makes it a powerful method for generating biocompatible and biodegradable nanostructured materials for biomedical research like tissue engineering, drug delivery, and controlled release. Also, they fabricated polyvinyl pyrrolidone (PVP) composite hollow nanofibers in a green way [47] as shown in Figure 3c ,d. Wang et al. [48] proposed a novel method to form the porous bead-on-string PLA fibrous membrane for air filtration and the nanopore on beads and ultrafine nanofiber contributed to low pressure drop and excellent air filtration performance. The poor thermal stability and toughness of PLA can be changed by copolymerization with other polymer monomers. For illustration, a poly(d,l-lactide)-poly(ethylene glycol) (PLA-PEG) block copolymer was fabricated by Luua et al. and the electrospun copolymer/DNA composite scaffolds exhibited tensile moduli of ≈35 MPa, with ≈45% strain initially which is approximate to those of skin and cartilage. [49] PCL is a kind of biocompatible, bioresorbable, and low-cost synthetic polymer which owns expanding interest in electrospinning fibers, especially for bioengineering. The PCL polymer is always composite with other polymers such as gelatin, collagen, and chitosan. Laleh et al. [50] found that the aligned biocomposite PCL/gelatin nanofibrous scaffolds could significantly enhance the nerve differentiation and proliferation compared to PCL nanofibrous scaffolds.
Green Solvent Solutions
Along with the continuous growth of electrospinning, the utilization of harmful organic solvents is still a major challenge for the practical application of the electrospinning technology. In a typical electrospinning process, polymers are dissolved in different kinds of solvents, especially difficultly dissolved polymers are dissolved in some high polar organic solvent to form a homogeneous spinning solution. Although the electrospinning technology is developing rapidly and the record of green electrospinning has been boosting during these years, most of the spinning solution used to form ultrafine fibers are still processed by very harmful solvent such as 1,1,1,3,3,3-hexafluoro-2-propanol(HFIP), tetrahydrofuran(TFH), N,Ndimethyl-formamide (DMF), dimethyl sulfoxide (DMSO), dimethylacetamide (DMAC). Historically, these harmful solvents are selected as a superior processing solvent to meet the requirements of good fiber-forming and relatively ultrathin nanofiber scale since the favorable morphology is of vital importance for the electrospinning nanofiber membranes to achieve highly efficient filtration efficiency. However, most of the organic solvents are poisonous which are harmful to the human body when inhaling too much of their volatile gas; furthermore, it is troublesome to recycle them after utilization. Moreover, the usage of these highly toxic solvents increases the difficulty and the cost of the manufacturing equipment, undoubtedly limiting the industrialization of electrospinning nanofiber membrane. Accordingly, replacing these highly toxic solvents with relatively environmentally friendly or green solvents is an urgent task for the enormous potential application of this research field and many biorelated applications. Over the last decade, only a few groups have paid attention to green solvent electrospinning like water-soluble electrospinning. According to the green electrospinning concept, using water as electrospinning solution is recognized as one of the best choice (the solvent-free electrospinning is beyond this category which will be discussed in the following sections) to fabricate green nanofibrous membranes. The fundamental of green solution electrospinning is water-soluble polymer materials which usually contain polar groups such as COOH, OH, NH 2 , SO 3 H, NHR. When in water solution, hydrogen bonds could be formed with water, then these molecules could be dissolved in water. A formulation of an aqueous polymer dispersion mixed with a small amount of a water-soluble polymer could be used for electrospinning following the green electrospinning concept. To our best knowledge, many Table 2 . The investigations carried out on green electrospinning PVA and PEO are relatively abundant since both of the polymers are readily available in different molecular weights via aqueous solution. [51] Furthermore, PVA and PEO are extensively reported as comatrix with other materials with poor spinnability to enhance the spinnability and processability; hence, continuous and homogeneous fibers could be obtained. The hydroxy groups in PVA can provide the possibility of chemical modification either before or after electrospinning. Hence, the crystallinity and the water resistance of PVA electrospun fibers can be distinctly increased by treatment with solvents. [52, 53] Therefore, further modifications could be realized by changing the pH value and the addition of salt. [53] [54] [55] Electrospun PEO fibers are particularly interesting for biomedical applications due to their excellent biocompatibility. They are widely used as a biocompatible polymer to composite with other green and natural materials such as silk, [56, 57] chitosan, [58, 59] keratin, [60] soy protein, [61] collagen, and elastin, [62] especially in the field of bioengineering. However, the influence of the increasing degree of polymerization on the metabolism must be taken into consideration. [51] Compared with traditional solution electrospinning, these environment-friendly systems with stable and homogeneous solution could be electrospun into ultrathin nanofibers via green electrospinning technique without any organic solvent evaporation. Although the green solution electrospinning has been attracting increasing attention, current researches on the use of water as electrospinning medium were constrained 4 hollow nanofibers. The inset shows an SEM image of the hollow nanofiber at a higher magnification. Reproduced with permission. [47] Copyright 2004, American Chemical Society. by both restrictions on the choice of polymeric materials and the maintenance of the water stability of water-soluble polymers. Despite the wide variety of possibilities for synthesis, only small quantities of water-soluble polymers can be electrospun through water or water-containing solvent mixtures. Furthermore, water-absorbing, swelling, and disintegrating water-soluble electrospinning nanofiber is a very common and serious phenomenon which can seriously affect the morphology, structure, physical mechanism, and applications of nanofiber membranes. The practical solution reported in literature is chemical cross-linking which can significantly promote the water resistance and water stability of electrospun nanofibers. These environment-friendly systems with stable and homogeneous solutions could be associated with nontoxic and odorless chemical cross-linking agents to fabricate nanofiber membranes by green electrospinning technology. Moreover, these water-soluble electrospinning nanofibers could be further modified to obtain better performance. For instance, in Li's work, [63] ultrafine fibers were generated by electrospinning PAA in aqueous solutions and the results showed that the fibers generated from the aqueous solutions were more homogeneous in sizes than those from the DMF solution. The water stability of PVA/PAA blending fibers can be significantly improved by chemical cross-linking. [64] Accordingly, the water resistance of PVA/PAA composite fibers can be enhanced through esterification. [65, 66] In Greiner and Wendorff's recent work, [67] they successfully fabricated polyimide (PI) nanofibers for filtration applications; their work highlights the formation of PI nanofibers by "green" electrospinning of ammonium salts of PAA via aqueous solution. Furthermore, compared with the nanofibers obtained from harmful DMF solvent, the PI nanofiber obtained via aqueous solution showed comparable performance under the filtration tests and the high temperature liquid filtration experiments. Other polymers like PVP [47, [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] and HPC [79] [80] [81] [82] can also be fabricated via aqueous solution through green electrospinning process.
Solvent-Free Electrospinning
As mentioned above, during the electrospinning process, the great quantity evaporation of the precursor, mainly organic solvent may be environmentally unfriendly, is an enormous limitation to throughput electrospinning and their widespread applications. Nevertheless, electrospun nanofibers are commonly applied in a wild variety of novel areas accompanied by higher requirements such as multifunctional, mechanical strength, larger structures with controlled fiber arrangements, higher efficiency of the precursor, ecofriendly. However, traditional solvent electrospinning hardly meet the advanced requirements, in spite of the tremendous researches that have been done. To meet these exceptional requirements, solvent-free electrospinning has drawn increasing attention as an alternative to generate ultrathin polymer fibers. In this paper, solvent-free electrospinning is defined as an electrospinning technique which never uses conventional solvent (organic or inorganic), or almost all precursor solutions are spun into ultrathin fibers with only a few precursors evaporating into the air. Over the last decade, few research workers have paid attention to solvent-free electrospinning which has been recognized as an efficient, ecofriendly, and controllable process to generate ultrathin fibers since there is no solvent evaporation and unconspicuous bending instabilities. [83] 
Melt-Electrospinning
Over the last decades, melt-electrospinning has developed rapidly. Melt-electrospinning overcomes the shortcomings of traditional solvent electrospinning, such as solvent accumulation, retention, and toxicity, and further provides a significant obstacle to the mass throughput of ultrathin fibers and affects the design of biomaterials. To our best knowledge, as a typical solvent-free electrospinning, melt-electrospinning could readily achieve the 100 wt% precursor utilization since there is no solvent used to dissolve the polymer. Since Larrondo and Manley first reported the successful electrospinning from polymer melts, extensive research efforts have been focused on melt-electrospinning to address the above issues of solvent electrospinning. [84] [85] [86] In this case, polyethylene (PE) and polypropylene (PP) ultrafine fibers could be generated via melt-electrospinning, successfully. The forming processes of melt-electrospinning and solvent electrospinning have no differences except that there is no solvent evaporation and unconspicuous bending instabilities in the former. Compared to solvent electrospinning, the most significant feature of solvent-free electrospinning is the solidification mechanism. [87] For instance, the solidification mechanism of traditional solvent electrospinning is the solvent evaporation of eject fibers, while it is fiber cooling in melt-electrospinning. Figure 4a shows the basic setup schematic illustration of melt e-spinning, which consists of four major components: a high-voltage power supply, a spinneret, a heating unit, and a collector. [88] Over the last decade, the development of tissue engineering and biomaterials in the biological field has significantly facilitated the exploration and development of solventfree electrospinning since there is no harmful and toxic organic solvents. [89, 90] Furthermore, polymers lacking appropriate solvent under room temperature can be processed. In addition to that, the polymers reported in the literature have been processed by melt-electrospinning successfully such as PE, [91] PP, [91, 92] PCL, [93, 94] PU, [95] PLA, [96] PET/PA, [97] PEN and PET/PEN, [98] PCL/PEG. [99] Some examples are summarized in Table 3 .
To date, a large number of multicomponent polymer and complex architectures are already available via the meltelectrospinning technique, especially in the biological field. For instance, Ren et al. [100] describe the development of PCLstrontium-substituted bioactive glass (PCL-SrBG) composite produced by melt-electrospinning technique which was proved to be noncytotoxic in vitro and exhibits promising potential to be effective bone graft substitutes. Melt electrospun (ε-caprolactone) (PCL) fibers are accurately deposited using an automated stage as the collector (as shown in Figure 4e ,f) where melt-electrospinning writing contributing to overcome the shortcomings of both solution electrospinning and direct www.advancedsciencenews.com www.mme-journal.de writing additive manufacturing processes. [101] Brown et al. [102] found that the distribution and alignment of melt electrospun PCL fibers can be controlled by using a pattern collector to form a macroporous structure scaffold. Also, Castilho et al. combined melt-electrospinning with additive manufacturing of poly(hydroxylmethyl glycolide-co-epsilon-caprolactone) (pHMGCL) to generate fiber scaffolds with improved biocompatibility and architecture. [103] Unique constructs comprising PCL microfibers coated with high densities of PLGA microparticles were fabricated via innovative electrospraying on melt electrospun scaffolds technique. [104] Avoiding solvent use means no residue or solvent recovery challenges, the recovery and removal of toxic solvents could be avoided and the safety and throughput of the process could improve significantly. [88] Therefore, melt-electrospinning owns much higher productivity and lower manufacturing costs compared to traditional solution electrospinning. [105] However, there are some barriers in the way to develop meltelectrospinning as mentioned above, such as 1) the quite complicated setups compared with solution electrospinning since a heater is needed in melt-electrospinning, [91, 93, 106] 2) the relatively uncontrollable layers in virtue of low charges on the jet surface and fibers always fused together, [88, 91, 105] 3) the larger diameters caused by no solvent evaporation and high precursor viscosity. [88, 107] In order to achieve large-scale production and wide application in various fields, further researches should be done to optimize the electrospinning device, reduce the fiber diameters, and improve the fiber performance.
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Figure 4. a) Graphical illustration of a simple melt e-spinning device. Reproduced with permission. [88] Copyright 2016, Elsevier Ltd. b) SEM images of melt electrospun PP-44. Reproduced with permission. [92] Copyright 2007, Elsevier. c) When using electroconductive collectors with patterned voids, the gross melt electrospun fiber morphology replicates the pattern of the conductive material, shown here with PCL. Reproduced with permission. [102] Copyright 2014, Elsevier. d) SEM images of homogenous deposition of the PLGA particles on PCL fibers. Reproduced with permission. [104] Copyright 2014, Wiley-VCH, PCL scaffolds assembled by direct writing with fibrous layers oriented at e) 90° and f) 60°. Reproduced with permission. [101] Copyright 2011, Wiley-VCH. www.advancedsciencenews.com www.mme-journal.de
Other Solvent-Free Electrospinning
As a typical solvent-free e-spinning technique, melt-electrospinning has received much attention in virtue of its unique advantages; however, melt-electrospinning also generates other problems such as the requirements for polymer melt viscosity, relatively complex devices, and low efficiency. In this context, other solvent-free electrospinning such as anion-curing electrospinning, [108] [109] [110] UV-curing electrospinning, [71, 83] supercritical CO 2 -assisted electrospinning, [111] and thermo-curing electrospinning [112] seems to be an interesting and desirable technology to dissolve above issues. Similar to solvent electrospun fiber, solvent-free electrospun fiber generated because the charged jet is constantly stretched under the action of electrostatic repulsion between the surface charges. The most striking differences between melt-electrospinning and these solventfree electrospinning is the fiber solidification mechanism, for instance, the solidification mechanism is fiber cooling in meltelectrospinning while quick curing and rapid polymerization of solution component or components in anion-curing electrospinning, UV-curing electrospinning, Fand thermo-curing electrospinning.
Anion-Curing Electrospinning
Anion-curing electrospinning was recently reported by Long's group; in their work, [110] they demonstrate the fabrication of poly(ethyl-2-cyanoacrylate)/polymethylmethacrylate (PECA/ PMMA) fibers via this interesting solventless electrospinning technique. Via this method, the spinning solution only includes the components of PMMA and cyanoacrylate monomer; furthermore, more than 90 wt% of the precursor could be electrospun into ultrathin fibers at room temperature. The mechanism schematic of the anion-curing mechanism is illustrated in Figure 5 . This fiber solidification mechanism is completely different from the conventional solvent evaporation mechanism or fiber cooling mechanism which is illustrated in Figure 6 . It is noteworthy that this anion-curing solvent-free electrospun product can be broadly applied in the medical glue field. [108] 
UV-Curing Electrospinning
UV-curing systems as a well-known technique have drawn significant attention for its fast curing speed, less environmental pollution, and low energy consumption in various field such as coatings, photoresists, and adhesive field. [83] UV-curing is achieved by the photosensitivity of photoinitiator (or photosensitizer), an excited state molecule formed by the effect of photoinitiating under ultraviolet light, then decomposing it into free radicals or ions, so that the chemical reaction of unsaturated organic matter can be achieved by polymerization, grafting, and cross-linking. In such a case, UV-curing systems were induced by electrospinning and form ultrafine fibers. Tang et al. [113] investigated the UVcured PVA hydro-gel barrier layer of the thin film nanofibrous composite (TFNC) membrane. They further found that the UV-cured TFNC membranes not only own the virtue (high flux, high rejection ratio, and excellent fouling resistance), but also avoid the drawbacks (long cross-linking time and narrow casting window) of glutaraldehyde cross-linked PVA-based TFNC membranes which make the UV-cured TFNC membranes industrially attractive. Long's group reported a novel UV-curing electrospinning, in which UV curable materials are used as the precursor. It is worthy to note that almost all the electrospinning precursor can be successfully electrospun into ultrathin fibers under nitrogen and UV light radiation without solvent evaporation, as shown in Figure 6 . [114] Since the O 2 molecules could react with free radicals to produce peroxyl radicals and these productions could not facilitate polymerization reaction, [115] the whole UV-curing electrospinning process should be kept in oxygenfree condition, an inert gas such as N 2 atmosphere should be infused to overcome strong polymerization inhibition
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Figure 5. Schematic illustration of the anion-curing mechanism. Reproduced with permission. [110] Copyright 2013, the Royal Society of Chemistry.
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of oxygen on the e-spinning jet, which might bring a certain degree of difficulty in electrospinning equipment and production.
Thermo-Curing Electrospinning
In thermo-curing electrospinning, as the name suggests, the precursor solution is electrospun into ultrathin fibers assisted by thermal radiation based on the electrospinning device. However, related reports and systematic theoretical studies are not numerous since this method is a relatively new way to fabricate electrospun nanofibers. The high viscosity of the prepolymer and the extender of the solvent-free polymer mixture largely restricted the spinnability of the polymer. Therefore, Long's group propose a solvent-free thermo-curing electrospinning process to produce PU ultrathin fibers. [112] In their report, a homemade solvent-free electrospinning device is composed of a high-voltage power supply, a modified rotating disk collector, syringe pump, and thermal radiation lamp (Figure 7, left) . The curing mechanism of the electrospun ultrathin PU fibers under thermal radiation was also studied (Figure 7 , right).
Supercritical CO 2 -Assisted Electrospinning
Supercritical CO 2 -assisted electrospinning was firstly reported by Levit and coworkers [116] in which polymer fibers were fabricated by the effect of electrostatic forces and the use of supercritical CO 2 solvent instead of traditional solvents. Under this context, high molecular weight polydimethylsiloxane (PDMS) and poly (d,l-lactic acid) (PLA) polymer were fabricated into microfibers via supercritical CO 2 -assisted electrospinning. The polymer fibers are electrostatically pulled from the undissolved bulk polymer sample since supercritical CO 2 can reduce the viscosity of the polymer sufficiently. However, there are many barriers in the way to develop supercritical CO 2 -assisted electrospinning. Such as the electrospinning equipment, which is extremely more complicated than the conventional one because of the use of high pressure vessel (≈14 MPa) to perform the supercritical step; furthermore, the supercritical system adds difficulties to use moving fiber collection system. [111] Bortezomib loaded poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) P(3HB-co-3HHx) nanoparticles for sustained release were fabricated via the green nanotechnology: supercritical CO 2 -assisted electrospraying. [117] Alternatively, compared with
Macromol. Mater. Eng. 2018, 1800336 Figure 6 . a) Schematic illustration of the UV-curing electrospinning setup (left) and UV-curing mechanism of the electrospun ultrathin fibers under UV light radiation in atmosphere of N 2 or air (right). Reproduced with permission. [114] Copyright 2016, the Royal Society of Chemistry. b) Schematic illustration of the thermo-curing electrospinning setup (left) and curing mechanism of the electrospun ultrathin PU fibers under thermal radiation (right). Reproduced with permission. [112] Copyright 2016, the Royal Society of Chemistry.
www.advancedsciencenews.com www.mme-journal.de nanofibers fabricated by conventional solution electrospinning, the obtained PDMS and PLA fibers in the literature mentioned above were very thick and short. The supercritical fluid assisted electrospinning technique provides a new idea in the field of solvent-free electrospinning for fabricating polymer fibers, but this technique needs to be improved to produce very thin and long fibers.
Filtration Mechanism
The theoretical research on air filtration has been developed for a long time, so the investigations in this area are relatively mature. Before discussing the applications of electrospun fibers for air filtration, it is helpful to review the filtration theory briefly by summarizing the work of previous research. Suggested by previous theories, the air filtration process can be divided into two states: steady-state and non-steady-state. [118] For steady-state, the filtration efficiency and pressure drop are constant over time which only depends on the inherent properties of the filter media, the nature of the particles, and the gas flow velocity. [119] As for the non-steady-state, the filtration efficiency and flow resistance change over time since particles accumulate on the filter. [118, 120] The electrospun fibrous air filtration membrane we discussed here can be considered as working in a steady filtration stage since the concentration of particles in the air is normally low so that the particles accumulating on the filter do not significantly change the thickness of the electrospun nanofiber film during the working period. [121, 122] According to classical filtration theory, the steady-state of the filtration can be further divided into the following five trapping mechanisms: interception, inertial impaction, Brownian diffusion, the electrostatic effect, and the gravity effect, [123] as illustrated in Figure 9 .
1. Interception effect: the fibers are arranged irregularly, and the fine particles in the airflow around the fiber are a streamline. In a premise that the center of each aerosol particle would follow a flow line and never deviate from it, the interception of fine particles occurs when in contact with the surface of fibrous filter materials under the effect of the van der Waals forces. [124] 2. Inertial deposition: the streamline is actually tortuous since the arrangement of the fibers is extremely complex. When the air flow turns, fine particles in the air will be separated from the air flow line under the action of inertia [125] and then impacted and deposited on the fiber membrane which may partly explain why larger particles with larger inertia usually lead to higher filtration efficiency. Furthermore, this inertial deposition mechanism becomes the domain capture mechanism of particles larger than 0.3-1 µm, especially in the case of higher gas flow velocity. [121, 126] 3. Brownian diffusion: random Brownian motion could also make particles to run foul of the fiber, finally leading to deposition onto the filtration membranes. Normally, the aerosol particles deviate from the original trajectory under the action of Brownian motion, especially for particles with sizes below 0.1 µm, which exhibit significant Brownian movement, thus resulting in diffusion and deposition around the fiber surfaces. [127] 4. Electrostatic effect: when particles and (or) fibers are charged, [122] the track of particles will be changed due to the electrostatic interaction (polarization forces and Coulombic interaction are included [123, 128] ), accordingly, particles are attracted to deposit onto the fiber surfaces. The electrostatic forces can significantly increase collection efficiency; therefore, the application of electrostatic forces is widely used. For instance, Wang's group [129] developed a novel and Reproduced with permission. [122] Copyright 2012, Elsevier. c) Different filtering effects on the particle size. Reproduced with permission. [126] Copyright 2007, Elsevier.
www.advancedsciencenews.com www.mme-journal.de high-efficiency method named rotating triboelectric nanogenerator (R-TENG) to enhance the particulate matter (PM) removal efficiency in ambient atmosphere. Furthermore, the highest efficiency enhancement reaches 207.8% which is attributed to the action of electrostatic effect between the particles and filter media. 5. Gravity effect: the effect of the gravitational force seems to be the minimal among the above mentioned effects since the particles are so tiny and the sedimentation can be thoroughly ignored when the particles are smaller than 0.5 µm. [128] Different filtration media rely on different physical interaction mechanisms for separation and collection of particles. [130] A successful filtering process could be attributed to the common contribution of these associated interaction mechanisms illustrated above. These membrane or filtration systems offer a potential solution for a wide range of environmental issues such as air filtration, water purification, process industries. Membrane processes are regarded as a significant technological progress to ensure the sustainable development of human beings. [131] Filtration process using fine porous membranes is becoming more important and finding increasing applications in process industries, including gas filtration, dust collection, as well as electronic, fuel cell, and clean energy systems. [132] There is an ever-growing demand for novel, efficient, and long-life filtering media. Compared with conventionally used materials, ultrafine fibers have been attracting increasing interest since that can provide several advantages such as high surface energy, fine porous structures and relatively high strength, which implies less energy consumption during the filtration process. [133] Nanofiber membranes fabricated by electrospinning are potentially advanced membrane systems which can offer removal of pollutants from the environment at lower energy and hence lower cost. [134] In the following sections, we will review some of the applications of nanofiber membranes for the environment, focusing on air purification applications.
Applications in the Air Filtration Field
As mentioned above, PM (particle matter), also known as particulate matter (PM), is a mixture of liquid droplets and solids suspended in air. On extremely hazy days, visibility decreases significantly and becomes even worse at night, and the air quality reaches its worst level due to the quite high concentration of PM pollution. Numerous research works have demonstrated that the morbidity and mortality from the respiratory and cardiovascular diseases are associated with longtime exposure in hazy PM 2.5 pollution air. [1, 2, [135] [136] [137] There is strong evidence that long-term exposure to hazy weather conditions could cause deleterious health issues like stroke, chronic obstructive pulmonary disease (COPD), pulmonary fibrosis, cancer, type-2 diabetes, neurodegenerative diseases, and even obesity. [138] [139] [140] [141] Even short-term exposure to heavy air pollution environment could create a serious risk of asthmatic problems. [2, 142] It is necessary and urgent to deploy effective protection for the public from present hazy days taking its severe impacts on public health into consideration. A common measure for outdoor air protection is the use of screens to filter gas to obtain purified air. The filtration membranes as the effective countermeasure toward outdoor pollution have been developed vigorously. Today, nanofiber mats are used in numerous air filtration applications, either on their own or in combination with other filtration media. The high-efficiency particulate air-filter (HEPA) is widely used throughout www.advancedsciencenews.com www.mme-journal.de the world to protect people from a variety of noxious gases or aerosol transmissible diseases. The application of the HEAP has been concentrating on high-performance masks to prevent inhaling large quantities of PMs and fine harmful particles during outdoor activities. Compared with conventionally used mask filter media, electrospun nanofibers with an ultrathin diameter can provide several superior properties such as high surface to volume ratio, fine porous structure, high surface energy, relatively high strength, which implies higher filtration efficiency without the sacrifice of permeability during the filtration process since the lip flow around the nanofibers could significantly increase the diffusion, interception, and inertial impaction efficiencies. In addition to high filtering efficiency, the nanofibrous filter should present ultralow pressure drop, in other words, these facial masks should also exhibit excellent breathability. More and more functional facial masks were developed to increase the filtration performance and gain better user experience. Our group recently reported an environmentally friendly method to fabricate multifunctional PVA/PAA composite membranes via green electrospinning assisted by thermal cross-linking, as shown in Figure 8 . [143] The novel design of complex PVA-PAASiO 2 NPs-Ag NPs nanofibrous membranes with the superior properties is promising to be applied in eco-friendly air filtration, in particular, for personal air filtration devices. By virtue of electrostatic deposition effect, the facial mask possesses higher removal efficiency and corresponding lower pressure drop. In Cheng's work, [144] a bifunctional smart facial mask based on electrospun polyetherimide (PEI) electret nonwoven was developed, the facial mask possesses a bifunction of generating electricity meanwhile removing PM. The magnetic face mask proposed in this work could bring inspirations to the researchers in the air filtration field since the filtration efficiency could be significantly improved own to the common contribution of both electrostatic attraction and physical interception. Cui's group [145] firstly induced the concept of thermal management into the face mask to enhance the thermal comfort of the user, a design of fiber/nano PE was presented in their work; in addition to the basic superior filtration performance, the excellent radiative cooling effect was emphasized. Also, Wang et al. [146] report a human-friendly silk nanofiber air filter with superior filtration performance and basis weight compared to commercial microfiber air filters, which means great potential application in air filtration, especially for comfortable and personable protection. Ding's group did an excellent work in air filtration where the air filtration efficiency is very high while the pressure drop is extremely low; furthermore, the mechanical performance is very well. [147] [148] [149] [150] [151] [152] [153] [154] [155] [156] [157] [158] The filtration performance and mechanical properties reported in these literature were excellent; however, there still remains much room for further improvements such as the choice of green materials and solvent, the fabrication method, the modification of membranes, and the post-processing of these membranes. In addition to facial masks, the electrospun nanofibrous membranes are expected to be used in protective clothing to safeguard people from biological or chemical hazards. [159] The filtration membranes used in protective clothing should not only be able to perspire, but also transport water vapor, and should play a role in preventing harmful vapor and aerosol particles. [160] In addition to outdoor air pollution, the indoor air quality has undergone tremendous changes, the use of various chemical additives in building materials are increasing, resulting in a higher air concentration of volatile organic compounds (VOCs) in the newly renovated room than outdoors, even higher than the industrial zone. Accordingly, the indoor air quality (IAQ) has become an increasing issue for both public and government health departments. The contaminants circulated in these enclosed buildings are harmful to the respiratory, cardiovascular, [161] and neurological systems of the human body. [162] Electrospun nanofiber membranes are a promising solution for indoor air filtration which are able to prevent pathogenic bacteria, viruses, particles, and other contaminations from the air circulation system and provide a purified air condition for people in these surroundings, extremely for hospitals which require an absolute aseptic and dust-free environment and there is a very strict requirement for indoor air quality. [163] Moreover, electrospun nanofibrous membranes have emerged as an alternative filter media with high filtration efficiency and low air resistance to alleviate industrial dust. Compared with conventional filter media, the electrospinning membranes more easily catch polluted industrial air. Furthermore, these collected dust particles can be removed by back flushing or other mechanical methods. Therefore, the pressure drop and filtration efficiency can restore to the initial state after several cycles which implies that these nanofiber-based or nanofiber composite filters have a longer service life. Additionally, the electrospun nanofibrous membranes not only possess the function of filtering contaminants in the enclosed circulated indoor air but also provide higher flux pure air to pass through, which could significantly improve the indoor air quality and conserve energy at the same time. For example, the natural gelatin protein was studied in Souzandeh et al.'s recent work which demonstrates the potential of natural protein to serve as environmentally friendly and high-performance air-filtering materials. [164] In their work, the uniform gelatin nanofiber mats were successfully prepared from an optimized "green" solvent via electrospinning; furthermore, the gelatin nanofibers not only can efficiently remove a broad range of PM particles similar to HEAP, but also achieve excellent absorption efficiency of toxic chemicals (e.g., ≈76% for CO 80%; for HCHO). Additionally, Lubasova and coworkers [40] investigated the high bacterial filtration efficiency filter based on purified soy flour/PEO nanofiber. These novel protein-based nanofiber filters possess the potential for effective retention and removal of E. coli bacteria during air-filtration which can be effectively deployed in environments which require an absolute high air quality such as hospitals and senior residential areas to reduce bacterial infections. Also, Jeong et al. [165] present a novel, transparent, reusable, and active PM 2.5 air filter by Ag nanowire percolation network with many superior features such as high efficiency (>99.99%), antibacterial, low energy consumption, and reusability after simple cycling washing. The application of this novel electronic nanofiber is more promising to be used in indoor air purification than in wearable personal protection since when in indoor surrounding, a power can be supplied to sustain the charges and enhance the filtration efficiency. Furthermore, in the view of saving energy, more investigation in this field has been done to gain clean and fresh air with less energy consumption. For instance, Seongmin et al. [166] www.advancedsciencenews.com www.mme-journal.de introduced a transparent air filter through windows to effectively filter particulate matters and protect indoor air quality by virtue of natural passive ventilation. The PM adhesion properties can be adjusted by the surface chemistry and the capture ability can be enhanced by controlling the microstructure of the air filters, from which a transparent, high air flow, and highly effective air filters could be realized. Overall, electrospun nanofibrous membranes have emerged as an alternative filter media with high filtration efficiency and low air resistance to alleviate air contamination. As an important role in human body protection and indoor air purification, the electrospinning nanofibrous filters especially those obtained from green electrospinning play an irreplaceable role in preventing inhalation of PMs and bacteria from the air.
Conclusions and Future Perspectives
Electrospun nanofibers are widely applied in the area of air filtration by virtue of the advantages such as controllable small diameter, porous structure, high surface area to volume ratio, good internal connectivity, controllable morphology, and excellent mechanical strength. However, taking the safety of the human body, environment-friendly and more extensive applications into consideration, the electrospinning filter membranes should be nontoxic, green, and environment-friendly. Nanofiber membranes fabricated by green electrospinning have drawn increasing attention due to the demand for green chemistry and more widespread applications of the electrospinning nanofibers, especially related to biological and human well-being. Green and sustainable polymer materials including natural materials, biosynthetic polymer, and chemically synthesized polymer conform to the concept of green electrospinning, further contributing to environment-friendly and sustainable development. The use of water or aqueous solution as polymer dissolution is consistent with the concept of green electrospinning, while current researches are constrained by both restrictions on the choice of polymeric materials and the requirement of procedure subsequent cross-linking. Solvent-free electrospinning as the green method to prepare nanofibers has been recognized as an alternative ultrafine fibers generating technic with striking advantages such as high conversion efficiency of precursor, eco-friendly electrospinning process, no solvent evaporation, no toxic solvent residue or recovery challenges, generating fibers which are hard to dissolve in vast majority of solvent and difficult to be electrospun by traditional solvent electrospinning, fabricating fibers with suitable diameter, etc. However, there are also some challenges to develop solvent-free electrospinning such as the high requirement of setups as well as the larger diameters of electrospun fibers than conventional solution electrospinning. In addition, these solvent-free electrospinning methods lack systematically theoretical guidance, the application of these in practice is not mature enough, and the challenge of large-scale production still remains.
Current advances in green electrospinning technology provide important evidence of the applications in air treatment. More interestingly, the emergence of solvent-free electrospinning technic has significantly expanded the application of these electrospun fibers due to the absence of toxic solvent in the fibers, thus making it suitable on many applications without further treatment. Electrospinning fibers have been attracting increasing interest in air filtration due to the advantages such as high surface to volume ratio, fine porous structures, and relatively high strength. The various applications of electrospun nanofibrous filter media for air filtration are reviewed in detail.
Despite the tremendous contribution to develop green electrospinning technology in the past few decades, much work still needs to be done for the further progress of green electrospinning and the large-scale application in industrial field. Further researches should be done to implement water-soluble polymers, eliminate the use of harmful organic solvents, and optimize the solvent-free electrospinning device. Furthermore, there is an essential need to shift from high cost and exotic materials to low cost, nontoxic, or non-pollution materials. Ultimately, the design of the structure and the mechanical performance should be further enhanced to obtain more widespread applications in industry. Developing green materials and waterbased solvents or solvent-free electrospinning method to produce nanofibers will make the process eco-friendly and facilitate the industrial production and that is what our research group devoted to doing under the theme of "green electrospinning."
